Partial or complete sequences of mitochondrial genomes have proved to be useful markers for population studies in a wide variety of organisms (Avise and Walker 1998; Jorde, Bamshad, and Rogers 1998; Saccone 1994) . In the malaria parasites of the genus Plasmodium, the mitochondrial genome is particularly convenient for such studies, since it is only about 6 kb in length and includes only three protein-coding genes: cox3, cox1, and cytb (Wilson and Williamson 1997) . In the virulent human malaria parasite P.
falciparum, early studies reported a lack of synonymous polymorphism in a small sample of nuclear genes (Rich et al. 1998 ) and of polymorphism in introns in a small sample of nuclear genes Volkman et al. 2001) , and on this basis it was hypothesized that the most recent common ancestor (MRCA) of P. falciparum was quite recent. However, analysis of more extensive data sets revealed abundant polymorphism at synonymous sites and in introns in nuclear genes and supported the hypothesis that P. falciparum has a large longterm effective population size and an ancient origin (Hughes and Verra 2001, 2002; Jongwutiwes et al. 2002; Mu et al. 2002) . Likewise, early studies showed a relatively low level of polymorphism in complete mitochondrial genomes of P. falciparum (Conway et al. 2000) , but a more extensive survey uncovered more extensive polymorphism .
Using a small number of complete mitochondrial genomes of P. falciparum, Hughes and Verra (2002) estimated the age of the most recent common ancestor (MRCA) of those genomes at 124,000-173,000 years ago. Based on a much larger data set, Joy and colleagues (2003) presented a somewhat more recent estimate (70,000-98,000 years ago) for the age of MRCA of P. falciparum mitochondrial genomes.
However, the latter authors estimated the age of the MRCA incorrectly; what they computed was in fact the mean pairwise divergence time of mitochondrial genomes, which will always be considerably less than the age of the MRCA. Rather, the age of the MRCA of a set of allelic sequences should be estimated from the deepest branching point in their phylogeny. In addition, it is important to remember that, since the mitochondrial genome is inherited as a single gene, the mitochondrial MRCA is not the same as the MRCA of the population or species. Nonetheless, the mitochondrial MRCA represents a minimum estimate of the age of the species.
In comparison to P. falciparum, relatively little is known regarding the population genetics of P. vivax, the most geographically widespread of human malaria parasites. A recent analysis of single nucleotide polymorphisms in the nuclear genome suggested that polymorphism in P. vivax is similar to that in P. falciparum or slightly higher ). In the case of P. falciparum, evolutionary studies have been aided by the availability of an isolate of the chimpanzee malaria parasite P. reichenowi. Since it can plausibly be assumed that the MRCA of P. falciparum and P. reichenowi occurred around the time that human and chimpanzee lineages diverged (5-7 million years ago), P. reichenowi provides a calibration point for estimating divergence times within P. falciparum (Escalante et al. 1998; Hughes and Verra 2001; Joy et al. 2003) . Such a reference for calibration has so far been lacking for P. vivax.
A phylogenetic tree based on the mitochondrial cytb gene showed that P. vivax forms part of a monophyletic group of closely related species including the other human malaria parasites P. malariae and P. ovale, along with a number of monkey malaria parasites from Southeast Asia (Escalante et al. 1998) . Relationships within this group were not well resolved (Escalante et al. 1998) , but a more recent phylogenetic analysis based on the β-tubulin and CDC-2 genes placed P. vivax as a close relative of three Asian monkey malarias (Escalante et al. 2005) . We sequenced the complete mitochondrial genome from 105 isolates of P. vivax from around the world, from single isolates of P. malariae, P. ovale, and the Southeast Asian monkey malaria P. knowlesi, and from reference strains of P. simium, P. fragile and P. knowlesi. By examining the pattern of nucleotide diversity among these genomes, we obtained evidence regarding the ancient demography of P. vivax. We applied phylogenetic analysis to these sequences in order to establish the closest relative of P. vivax among these species and in turn used this information to provide the first estimate of the age of the MRCA of the world population of P. vivax. . DNA was extracted from venous blood samples by using QIAamp kit (Qiagen, Germany) or finger-pricked blood spotted onto filter paper by the method described by others (Sakihama et al. 2001) . These isolates had been previously analyzed for the presence of single infection with P. vivax by examination of Giemsa-stained thin and thick blood films and subsequently confirmed by species-specific nested polymerase chain reaction as described by others (Kawamoto et al. 2002) . All isolates contained a single clone infection as determined by hybridization of the PCR-amplified merozoite surface protein-1 gene (PvMsp-1) from each isolate with allele-specific probes derived from variable blocks 2, 6 and 12 of PvMsp-1 ovale, P. malariae, P. fragile, P. simium and P. knowlesi was amplified using 2 pairs of primers, mt-F/mt-FR and mt-R/mt-RF, generating 2 overlapping fragments of 3.4 and 2.9 kb, respectively. The reaction mixture was in 30 µl containing malarial DNA, 2.5 mM MgCl 2 , 300 µM each dNTP, 3 µl of 10xLA PCR buffer, 0.3 µM of each primer and 1.25 units of LA Taq TM DNA polymerase (Takara, Japan). The thermal cycler profile contained a pre-amplification denaturation at 94°C for 1 min, 35 cycles of 96°C for 20 sec and 62°C for 5 min and a final extension at 72°C for 10 min (Sakihama et al. 2001 ).
Materials and Methods
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All amplification reactions were performed in Perkin-Elmer 2400 or 9600 thermal cycler (Perkin-Elmer, USA). The PCR-amplified products were purified by using a QIAamp PCR purification kit (Qiagen, Germany) and used as templates for sequencing. DNA sequencing was performed using the BigDye TM Terminator V3.1 Cycle Sequencing kit on an ABI310 or ABI-Hitachi 3100 DNA sequencer (Applied Biosystems). Sequences were determined directly and from both directions using 23 sequencing primers (Table S1 ).
Singletons and unique insertion/deletion of sequences were validated by sequencing of the PCR products from independent amplification reactions using the same genomic DNA as templates. Sequences have been deposited in the GenBank TM Database under the accession numbers AY598035-AY598143 and AY722797-AY722799.
Statistical Analyses. In comparative analyses, we used 101 previously published mitochondrial genome sequences from P. falciparum (Genbank loci M76611, PFAMTCYTO, PFA276844 through -7, and AY82924 through -3019) and one from P.
reichenowi (PRE251941). We did not include the highly divergent published P.
falciparum sequence PFA298788, which may include sequencing errors. Note that most P. falciparum mitochondrial genome sequences are incomplete, with about 1267 base pairs missing from the largest noncoding region.
Sequences were aligned using the CLUSTAL W program (Thompson, Higgins, and Gibson 1994) . In calculating evolutionary distances among a set of sequences, any site at which the alignment assumed a gap in any sequence was excluded from all pairwise comparisons. The number of nucleotide substitutions per site (d) in non-coding regions was estimated by the method of Jukes and Cantor (1969) , by Kimura's (1980) Li's (1993) method, which attempts to correct for the effects of transitional bias at two-fold degenerate sites.
All evolutionary distances were estimated using the MEGA2 computer program (Kumar et al. 2001) ; standard errors of pairwise distance estimates were estimated by the bootstrap method (Nei and Kumar 2000) . Phylogenetic trees were reconstructed by the neighbor-joining method (Saitou and Nei 1987) , and the reliability of clustering patterns in trees was assessed by bootstrapping (Felsenstein 1985) . 1000 bootstrap replicates were used. The age of the MRCA was estimated by the linearized-tree method (Takezaki, Rzhetsky, and Nei 1985) , applied to both non-coding regions and synonymous sites in codons.
In estimates of the age of the MRCA, we used the comparison of P. falciparum and P. reichenowi as a calibration. P. falciparum and P. reichenowi are sister taxa (Escalante and Ayala 1994) , and the common ancestor of P. falciparum and P.
reichenowi was assumed to have occurred at the same time as the common ancestor of human and chimpanzee. This assumption has been made in numerous previous studies and has yielded estimates of rates of nucleotide substitution similar to those for other eukaryotes (Escalante et al. 1998; Hughes and Verra 2001; Joy et al. 2003) . We used two estimates (5 million years ago and 7 million years ago) for the time of the MRCA of human and chimpanzee. In order to test the molecular clock hypothesis, we used Tajima's (1993) model-free relative rate test. We tested the equality of rates in P.
falciparum and P. reichenowi using P. knowlesi and P. vivax as outgroups; similarly, we tested the equality of rates in P. knowlesi and P. vivax sequences using P. falciparum and P. reichenowi as outgroups. In all cases, the test failed to reject the hypothesis of a constant rate. All estimates of the age of the MRCA were based on the combined nucleotide divergence at non-coding sites and at synonymous sites in coding regions, corrected for multiple hits by the Jukes-Cantor model. The latter model was used because this simple model and more complex models yielded essentially identical results and because the simpler model is expected to have a lower variance of estimation (Nei and Kumar 2000) .
The mismatch distribution (the distribution of the pairwise number of differences between sequences) was analyzed as an indicator of ancient population expansion as suggested by Rogers and Harpending (1992) . The expected mismatch distribution under constant population size was estimated by the equation F i ≈ θ i / (θ + 1) i +1 (Rogers and Harpending 1992) , where F i is the expected frequency of pairwise comparisons showing i differences, and θ is estimated by the observed mean of pairwise differences.
Results
The phylogenetic tree based on combined non-coding sequences from the mitochondrial genome (Figure 1) showed that all genomes from P. vivax were closely related to one another; no branches within the P. vivax cluster received strong bootstrap support. The single P. simium sequence in our data set fell within the P. vivax cluster (Figure 1) , and the cluster containing P. vivax and P. simium received 100% bootstrap support (Figure 1 ). This result is consistent with the conclusion of Leclerc et al. (2004) , based on microsatellite loci, that P. simium is indistinguishable from P. vivax. P. knowlesi clustered most closely with P. vivax and P. simium, and this pattern received 100%
bootstrap support (Figure 1 ).
The mean number of pairwise nucleotide differences at 5986 aligned nucleotide sites among P. vivax mitochondrial genome sequences was 4.90 ± 1.10 S.E. (Figure 2A ).
The distribution of pairwise differences showed a pattern characteristic of a population expansion and was significantly different from that expected under constant population size (P < 0.001; Figure 2A ). The mean number of pairwise nucleotide differences among P. falciparum mitochondrial genome sequences was 1.88 ± 0.68 at 4700 aligned nucleotide sites. As in P. vivax, the distribution of pairwise differences in P. falciparum indicated a population expansion and was significantly different from that expected under constant population size (P < 0.001; Figure 2B ). The mean proportion of nucleotide differences per site in P. vivax (0.0008 ± 0.0002) was higher than that in P. falciparum (0.0004 ± 0.0001); but the difference was not statistically significant (z-test).
When we examined the numbers of nucleotide substitutions in pairwise comparisons among unique complete mitochondrial genome sequences in P. vivax and in P. falciparum, the patterns were broadly similar ( Both P. vivax and P. falciparum showed a very biased nucleotide content at third positions of protein-coding genes (Table 1) . In both species, the nucleotide content in non-coding regions was much less biased than at third positions in coding regions.
Nonetheless, d in non-coding regions was roughly similar to d S in coding regions (Table 1) . Thus, the differences in nucleotide content appeared not to have a major effect on estimation of these quantities. All three models yielded identical estimations for d in non-coding regions (Table 1 ).
The time of the MRCA was estimated for all P. vivax sequences; for the common ancestor of P. vivax and P. knowlesi; and for all P. falciparum sequences (Table 2) . On the basis of the two estimates for the human-chimpanzee divergence, we obtained two separate estimates for the rate of nucleotide substitution (λ) ( Table 2 ); these in turn were used to estimate the time of major branching points within the linearized trees. The sequence divergence between P. vivax and P. knowlesi was surprisingly similar to that between P. falciparum and P. reichenowi (Table 2) . Thus, our estimates of the time of the MRCA of P. vivax and P. knowlesi were surprisingly close those for P. falciparum and P.
reichenowi (Table 2) . Similarly, the divergence at the deepest point in the P. vivax cluster was very similar to that at the deepest point in the P. falciparum cluster (Table 2 ). These estimates placed the mitochondrial ancestors of both of these parasites at around 200,000-300,000 years ago (Table 2 ).
Discussion
The sequence of 106 complete mitochondrial genomes from P. vivax revealed a level of nucleotide diversity comparable to that in P. falciparum. This is in agreement with the data of Feng et al. (2003) , who showed extensive single-nucleotide polymorphism in the nuclear genome of P. vivax. P. vivax was found to be closely related to Asian monkey malarias, consistent with an origin in Asia. A phylogeny based on the nuclear-encoded β-tubulin and CDC-2 genes of 10 species of Plasmodium supported an Asian origin for P.
vivax, whose closest relatives were three Asian monkey malarias (P. cynomolgi, P. fieldi, and P. simiovale) (Escalante et al. 2005) . ). We estimated the age of the common ancestor of P. vivax and P. knowlesi at 5-7 Mya. This is somewhat earlier than previously discussed estimates for divergence times within the Southeast Asian clade of Plasmodium (Escalante et al. 1998; 2005) . However, since the phylogeny of Escalante et al. (2005) shows the branching point of P. vivax and P. knowlesi to be the deepest in this clade, our estimate is consistent with Escalante et al.'s (2005) estimate, based on estimated radiation of their primate hosts, of 1.4-2.5 Mya for the divergence of the closely related species P.
cynomolgi and P. inui.
We estimated the ages of the MRCA of mitochondrial genomes in P. vivax and P.
falciparum, and the estimates were very similar, around 200,000-300,000 years ago. This age is similar to earlier estimates of the age of the MRCA of P. falciparum based on extensive sequence data from the nuclear genome (Hughes and Verra 2001, 2002; . Moreover, this time is close to the time of the mitochondrial ancestor of modern humans (Nei 1992) and to fossil-based estimates time of origin of modern Homo sapiens in Africa (Stringer and Andrews 1988) . Leclerc et al. (2004) found limited polymorphism at microsatellite loci in P.
vivax. The rate of mutation at microsatellite loci is on the order of 10 -4 to 10 -2 mutations per locus per generation (Lai and Sun 2003) .
Assuming that generation time in
Plasmodium is not greater than one year (Hughes and Verra 2001) , it is expected that these loci will become saturated with changes after about 100-10,000 years. Therefore, microsatellite data cannot shed light on the population history of P. vivax before about 10,000 years ago.
Using data from four nuclear-encoded loci, Escalante et al. (2005) recently provided somewhat more recent estimates of the age of the MRCA of P. vivax than those presented here. However, these authors, like Joy et al. (2003) , mistakenly used the mean sequence divergence of all pairwise comparisons to estimate MRCA. As mentioned previously, the estimation of the age of the MRCA must be based not on the mean of all pairwise comparisons, but on the deepest branching point of the phylogeny. When the age of the MRCA was estimated for Escalante et al's data by the linearized tree method based on d S, using the calibration times proposed by Escalante et al. (2005) , the estimates (mean for all four loci) of the age of the MRCA were 206,000-314,000 years (A.L.
Hughes, unpublished), in good agreement with the present study.
There is ample genetic evidence that a population bottleneck and subsequent ancient population expansion occurred in the origin of modern Homo sapiens (Harpending et al. 1998) . It is not surprising that the human mitochondrial MRCA occurred around the same time as this bottleneck, since the probability of fixation of selectively neutral variants increases during a bottleneck (Nei, Maruyama, and Chakraborty 1975) . Given that the mitochondrial MRCA of both P. vivax and P.
falciparum appear to have occurred in the same period, it might be predicted that these species also underwent population expansion along with their host. This prediction was supported by the mismatch distribution of mitochondrial genome sequences in both species. A parasite bottleneck and subsequent expansion coinciding with those of the host would in turn imply that both P. falciparum and P. vivax were parasites of Homo before the origin of modern Homo sapiens.
In the case of P. falciparum, this hypothesis receives strong support from the fact that the sister species of P. falciparum is P. reichenowi, a chimpanzee parasite (Escalante and Ayala 1994) . Thus, P. falciparum apparently represents a lineage that has been parasitic on the hominid lineage since its divergence from chimpanzee. By contrast, the closest relatives of P. vivax are parasites of Southeast Asian primates (Escalante et al. 1998; 2005) , strongly suggesting that the origin of P. vivax was in Southeast Asia.
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